The recent reclassification of a follicular variant of papillary thyroid carcinoma (FVPTC), subset as noninvasive follicular thyroid neoplasm with papillary-like nuclear features (NIFTP), aims to avoid overtreatment of patients with an indolent lesion. The diagnosis of NIFTP has recently been revisited using more rigid criteria. This study presents histological and molecular findings and a long clinical follow-up of 94 FVPTC, 40 cases of follicular adenoma (FTA) and 22 cases of follicular carcinoma (FTC) that were classified before the advent of the NIFTP reclassification. All slides were reviewed using these rigid criteria and analysis of numerous sections of paraffin blocks and reclassified as 7 NIFTPs, 2 EFVPTCs, 29 infiltrative FVPTC (IFVPTCs), 57 invasive EFVPTC (I-EFVPTCs), 39 FTAs and 22 FTCs. Remarkably, EFVPTC and NIFTP patients were all free of disease at the end of follow-up and showed no BRAF mutation. Only one NIFTP sample harbored mutations, an NRAS Q61R. PAX8/PPARG fusion was found in I-EFVPTCs and FTC. Although additional studies are needed to identify a specific molecular profile to aid in the diagnosis of lesions with borderline morphological characteristics, we confirmed that the BRAF V600E mutation is an important tool to exclude the diagnosis of NIFTP. We also show that rigorous histopathological criteria should be strongly followed to avoid missing lesions in which more aggressive behavior is present, mainly via the analysis of capsule or vascular invasion and the presence of papillary structures.
Introduction
The incidence of thyroid cancer has increased over the past decades and is predicted to continue to increase. Although a substantial proportion of the increase is attributable to an improved ability to detect small papillary thyroid carcinoma (PTC), the increase can also be partially ascribed to the evolution of histological main subtypes: encapsulated FVPTC (EFVPTC), when the tumor is surrounded by a fibrous capsule, and infiltrative FVPTC (IFVPTC), when there is no capsule.
For EFVPTC without invasion of the capsule or its vessels, the diagnosis of malignancy relies solely on the presence of the nuclear features of PTC. The subjectivity of the diagnosis has been a challenge for pathologists and a source of high interobserver variability (1, 2, 7, 8, 9) . Based on the fact that some EFVPTCs have an indolent nature and that some with capsular or vascular invasion are prone to metastasis, some pathologists have divided the EFVPTC group into noninvasive EFVPTC (EFVPTC) and invasive EFVPTC (I-EFVPTC), according to the presence or absence of capsule and/or vascular invasion (10, 11) .
As a subset of EFVPTC shows a very low lymph node metastasis risk and recurrence risk and has an excellent prognosis, reclassification of this tumor as a premalignant neoplasm was proposed in 2016 (12) , and the new classification was termed noninvasive follicular thyroid neoplasm with papillary-like nuclear features (NIFTPs). This distinct entity, which is considered a 'premalignant' lesion, was included in the 2017 World Health Organization Classification of Tumors of Endocrine Organs book (13) . However, distinct and strict anatomopathological characteristics needed to be observed to safely classify a tumor as a NIFTP, which introduced a new challenge.
The main criteria for the diagnosis of NIFTP (12) were revisited in 2018 with some adjustments (14, 15) . Mainly, all NIFTPs must have a whole capsule involving the tumor or a well-demarcated parenchyma transition and must not have any type of invasion (neither capsular nor vascular), in addition to the follicular growth pattern and the presence of the nuclear features of PTC. Although papillary structure of up to 1% was initially accepted, in the revised NIFTP nomenclature, the absence of papillae is required (12, 16, 17, 18) . Additionally, strict cytomorphonuclear features (typically more subtle than FVPTC and mainly localized to the periphery of the neoplasm), no psammoma bodies, no necrosis, and no more than three mitoses per 10 high-power fields (400×) are the most recent criteria used for this diagnostic category (14) .
Based on the observed outcome data, the description of this new entity aimed to avoid overtreatment of an indolent tumor, suggesting lobectomy as satisfactory treatment, with no other additional adjuvant therapy (6, 12, 14, 16, 19, 20, 21, 22) .
Considering the low malignancy potential of NIFTP and the fact that its diagnosis is postsurgical and requires complete histopathological analysis of surgical specimens to exclude invasion, it is challenging to distinguish NIFTP from EFVPTC and I-EFVPTC presurgically. Several groups have suggested that the same histopathological analysis used to distinguish follicular thyroid adenoma (FTA) and follicular thyroid carcinoma (FTC) could be used for NIFTP and I-EFVPTC. Additionally, it is suggested that the biological behavior of NIFTP is similar to that of FTA and infiltrative FVPTC, on the other hand, tends to clinically behave more like the classical variant of PTC, with a higher incidence of cervical lymph node metastasis (1, 17, 18, 23, 24, 25, 26, 27, 28, 29) .
Recently, some groups have examined whether the molecular profiles observed in FTA, FTC and the classical variant of PTC could help in the diagnosis of NIFTP. As expected, mutations in RAS (mainly in codon 61 of NRAS and HRAS) are the most prevalent mutations found in NIFTP. PAX8/PPARG and THADA fusions and EIF2AX and BRAF K601 mutations were recently described in a small portion of NIFTPs (30, 31) . The presence of the BRAF-V600E mutation may be a hint toward the presence of more aggressive histological features or even the presence of papillae and help to exclude the diagnosis of NIFTP (18, 26, 31, 32, 33, 34, 35, 36) . As there is no association between a specific molecular profile and the diagnosis of NIFTP, mutation detection panels have not been used in the presurgical diagnosis of this entity.
Therefore, in this study, we applied the newest NIFTP classification criteria (14, 15) to a cohort of samples diagnosed as FVPTC prior to such recommendations. Then, we sought to identify the most common mutations found in FVPTC and correlated these findings, aiming to ascertain whether the stricter criteria would better correlate with the molecular profile, restrain overdiagnosis of malignancy and further assist in clinical management decisions.
Methods

Sample selection
This study was performed on available formalin-fixed, paraffin-embedded (FFPE) tissues selected from patients with thyroid tumors who underwent surgical resection from the year 2000 to 2015 at Hospital Heliópolis, São Paulo, Brazil and the material was available. Per the protocol of the department of pathological anatomy of this hospital, the entire tumor capsule was included for histopathological analysis at the time of macroscopic examination. To confirm the histological diagnosis and to ensure that representative tumor material was present, the routine hematoxylin and eosin (H&E)-stained sections were reviewed by a specialized pathologist (ACJP). The series comprised 156 FFPE tumor samples that were initially diagnosed as FVPTC (n = 94), FTA (n = 40) and FTC (n = 22). The diagnostic criteria for these entities were based on previously described definitions (9) .
For all specimens, serial tissue sections were cut from the selected paraffin block. DNA and RNA were isolated from three 10-µm-thick serial sections collected between step-sectioning levels 2 and 4. Ten 4-µm-thick sections collected between step-sectioning levels 5 and 14 were cut for FISH analysis or diagnostic stains. The first and last sections from each tissue block (superficial and about 100 µm deeper) were placed on one microscopic slide, stained with H&E and used for histological evaluations.
Clinical parameters such as age at diagnosis, sex and type of surgery were compiled. Follow-up was performed by the head and neck surgery team with serial measurements of serum thyroglobulin (Tg), thyroglobulin antibodies, and TSH; examination by neck ultrasound; and examination by whole-body scan (WBS) with 131 I when necessary.
This study was approved by the Hospital Heliopolis and Universidade Federal de São Paulo Review Board and Research Ethical Committee (1216/2015). Consent has been obtained from each patient or subject after full explanation of the purpose and nature of all procedures used.
Revision of tumor nomenclature
With the recent reclassification of an EFVPTC subset as NIFTP, the pathological parameters were subsequently revised according to the criteria defined and revised by Endocrine Pathology Society working group in 2016 (12) and 2018 (14, 15 ) (Post-NIFTP era) ( Fig. 1 ). Tumor size, capsule status, parenchyma transition, multifocality, extrathyroidal extension and vascular invasion were analyzed. Cases with irregular parenchyma transition, any papillae, psammoma body, mitosis (more than 3 in 10 high-power fields) and necrosis were excluded from the diagnosis of NIFTP (Table 1) . Nuclear features were carefully analyzed, as suggested by that working group, looking for enlargement, elongation, and overlap; pseudoinclusions, grooves, folds and irregular contours in membrane; and chromatin characteristics such as 'glassy' nuclei, delicate chromatin, chromatin margination to the membrane, and clearing.
DNA extraction and mutational profile of BRAF, NRAS and HRAS
For all specimens, the presence of BRAF (V600E and K601E), NRAS Q61, and HRAS Q61 mutations was evaluated in representative tumor sections. To avoid low tumor cell content, particular care was taken to select blocks comprising a tumor cell composition of at least 70%. Genomic DNA from each tumor was isolated from three 10 μm-thick FFPE sections using a NucleoSpin Tissue Kit (Macherey-Nagel, Duren, Germany) according to the manufacturer's instructions and quantified using a Nanodrop Spectrophotometer (Thermo Fisher Scientific). For PCR analyses, DNA (100 ng) was used as a template in a 50-μL PCR mixture containing 1× PCR buffer, 1.5 mM MgCl 2 , 200 μM dNTPs, 100 nM of each primer (Supplementary Table 1 , see section on supplementary data given at the end of this article) and 2 U of Platinum Taq DNA Polymerase (Thermo Fisher Scientific).
For amplification of exon 15 of BRAF, the PCR protocol was performed as previously described: an initial denaturation step at 94°C for 5 min followed by 40 cycles of a three-step program, namely, 94°C for 30 s, 53°C for 40 s and 72°C for 30 s, and a final 2-min extension at 72°C (37) . For amplification of exon 2 of NRAS or HRAS, the amplification protocol was an initial denaturation step at 94°C for 5 min followed by 40 cycles of a three-step program, namely, 94°C for 30 s, 56°C for 45 s and 72°C for 45 s, and a final 7-min extension at 72°C.
The PCR products were resolved on a 2% agarose gel, visualized on a Bio-Rad Gel Doc EZ system (Bio-Rad) and purified using illustra ExoProStar S (GE Healthcare). Purified products were sequenced using the Big Dye Terminator Cycle Sequencing Kit (Thermo Fisher Scientific). Each sample was sequenced at least twice.
RNA extraction, cDNA synthesis and PAX8/PPARG screening
RNA was isolated from three 10-μm-thick FFPE sections using the Recover All Total Nucleic Acid Isolation kit (Thermo Fisher Scientific) following the manufacturer's instructions. Total RNA (500 ng) was reverse transcribed into cDNA, and quality was determined by amplification of the internal control gene (RPS8) as previously described (38) . Screening for PAX8/PPARG rearrangement (fusion of exon 9 of PAX8 and exon 2 of PPARG) was performed by quantitative RT-PCR. Briefly, cDNA was synthesized as previously described (39) and subjected to PCR amplification using the TaqMan assay (Assay ID Hs04396714_ft, Thermo Fisher Scientific). The quantitative PCR reaction was performed in triplicate, and the threshold cycle was obtained using QuantStudio™ 12K Flex Software v1.2.2 (Thermo Fisher Scientific). PCR products were analyzed by electrophoresis on a 2% agarose gel and visualized on a Bio-Rad Gel Doc EZ system (Bio-Rad).
Results
Nomenclature revision better correlates with the biological behavior of the tumor
The initial diagnosis of these cases was performed before the newly introduced pathological diagnosis of NIFTP (Fig. 1 ). Because NIFTP has emerged as a new category of thyroid tumors, with low, if any, potential of malignancy, and could therefore impact clinical management, we reassessed all samples according to the revision published in 2018 (14) . In addition to routine slides, H&E-stained slides prepared from the first and last slide of the tissue in the block that was genotyped were extensively reviewed by two pathologists (A C J P and V A F A).
The revision of the available routine H&E staining and the new slides obtained from uncut material (superficial and about 100 µm deeper in the paraffin block) reclassified the tumors as follows: 6 NIFTPs, 2 EFVPTCs, 57 I-EFVPTCs and 29 IFVPTCs (Fig. 1) .
A representative case of NIFTP is shown in Fig. 2A  and B . Of note, the two samples that were diagnosed as EFVPTC were not classified as NIFTP because they presented a well-formed papillary structure in the center of the tumor (samples #7 and #8, Fig. 2C , D and Table 1 , respectively), which, if not for these criteria, would raise the overall prevalence of NIFTP (Fig. 2D ).
All cases of FTC were reanalyzed in light of the new classification proposed and maintained the diagnosis. Additionally, one FTA case was reclassified as NIFTP. This individual sample showed sufficient nuclear characteristics for a NIFTP diagnosis at the periphery of the lesion (Fig. 2E) . Overall, the prevalence of NIFTP was 5% ( Fig. 1 and Table 2 ).
These data highlight the importance of deeper sections for a reliable diagnosis, mainly when invasion through the tumor capsule or vascular invasion are investigated for a diagnosis of malignancy (14) .
The BRAF V600E mutation in the post-NIFTP era
We observed that the mutational rate is higher in IFVPTC (59%) than in I-EFVPTC (46%) (Fig. 3A) . The BRAF V600E mutation was found only in samples that showed invasion, that is, in I-EFVPTC (n = 16; 28%) and IFVPTC (n = 13; 45%). Remarkably, one NIFTP sample harbored an NRAS Q61R mutation, and none of the other genetic events investigated in this work were found in the other six NIFTP samples.
Mutational profile of FTAs and FTCs
Since NIFTPs are frequently associated with a similar mutational profile to those of FTA and FTC, we investigated the prevalence of the same alterations in 39 FTAs and 22 FTCs, as one FTA had been reclassified as NIFTP. As shown in Fig. 3B , most FTAs and FTCs harbored mutations in the RAS gene.
All NIFTPs have an indolent clinical disease course
The central goal of the reclassification of some FVPTCs as NIFTPs is to avoid overtreatment of patients with an indolent tumor. When we evaluated the clinical and pathological features at the time of surgery, no case of NIFTP showed metastasis at diagnosis. In the present study the frequency of NIFTP was 5% (7/134). To evaluate the course of disease, we collected follow-up information for all FVPTCs, ranging from 0 to 14.8 years, with an average of 7.2 years of follow-up. Patients with NIFTP were followed for 2-12.5 years (mean, 7.5 years), and all of them were free of disease at the end of the follow-up period ( Table 2) , except for one patient who died from other causes.
Discussion
Several histological variants have been recognized, among which FVPTC is the second most common. Although the diagnosis of FVPTC has evolved over the last decade, it still presents a great dilemma for the pathologist in routine practice. The source of difficulty is the subjectivity involved in a substantial number of cases. Even when a panel of molecular markers is applied, the clear-cut categorization of FVPTC is still challenging (40) . Extra complexity is attributed to divergent outcomes in EFVPTC, which contributes to the overdiagnosis and overtreatment of patients.
With the aim of a better subclassification of noninvasive EFVPTC, a multidisciplinary group of scientists reexamined this entity through a review of cases with extended follow-up periods. Based on clinical and pathological reports and the noninvasive nature of most cases, a new terminology named noninvasive follicular thyroid neoplasm with papillary-like nuclear features (NIFTPs) was proposed (12) . The results of that study showed that when the diagnosis of NIFTP is made on meticulous inspection of key histological features, the tumor will have a very low recurrence rate, if any, over the next 15 years, and therefore, patients may benefit from lobectomy (12) . It was projected that patients with tumors diagnosed with NIFTP are unlikely to benefit from complementation thyroidectomy, RAI therapy or intense follow-up, thus leading to lower complication rates associated with total thyroidectomy and to risk of secondary tumors following RAI (12, 26) . The present study originally evaluated 156 follicular lesions whose diagnoses were performed before the implementation of NIFTP, including 94 cases of FVPTC, 40 cases of FTA and 22 cases of FTC (Fig. 1) .
To confirm the histological diagnosis and to perform molecular analysis, serial sections of the tissue were cut, and new slides, including sections that were superficial and about 100 µm deeper in the paraffin blocks, were reviewed in accordance with the recently published NIFTP criteria (14, 26) .
Importantly, all samples that were metastatic at diagnosis showed some type of invasion (vascular or capsular) and were reclassified as I-EFVPTC (15 cases) or even as IFVPTC (one case). Six cases were classified as NIFTP; however, two cases showed a papillary structure, and therefore, reclassified as EFVPTC ( Table 1 ). The absence of a papillary structure was recently applied as a rigid diagnostic criterion for NIFTP (14, 26, 41) . This criterion was previously suggested in the study by Cho et al., which showed that an arbitrary cutoff of less than 1% papillae could give rise to diagnostic discrepancies and lead to a misclassification of biologically more aggressive variants of PTC as NIFTP (42) .
This extensive histopathological analysis, based on more rigid criteria, highlights the importance of careful pathological examination, as it is crucial to reveal vascular or capsule invasion and the presence of papillae.
Remarkably, in our samples, half of the BRAF V600Epositive I-EFVPTC samples showed some papillary structure, and although these samples were indeed invasive, these data add to the association between papillae and more aggressive characteristic (7, 42, 43) .
Since NIFTP samples show subtle or focal nuclear features of PTC with a follicular morphology, the differential diagnosis between NIFTP and FTA could also be a challenge to pathologists (16, 44) . Indeed, when meticulous histological analysis was performed, one case previously diagnosed as FTA showed nuclear characteristics at the periphery of the lesion that met the criteria required for NIFTP (score 2 of 3, defined in the nuclear score scheme by Nikiforov's group in 2018 (14) ) and was reclassified. In this scoring system, one point is given every time a feature category is considered adequate in extent and quality. The categories are three: size and shape, membrane irregularities and chromatin characteristics. Two of the three categories should be adequate enough (i.e., score 2 of 3) to be able to diagnose NIFTP (14) . In summary, the frequency of NIFTP in this study was 5% (7/134).
Although a few studies have demonstrated that a small percentage of patients with lesions fulfilling the diagnostic criteria for NIFTP develop regional metastases (42) , in our study, none of the tumors classified as NIFTP showed recurrence during a mean follow-up period of 7 years (2-12.5 years).
Molecular genotyping of the samples is a strong tool that aids in the final diagnosis. Herein, we observed an interesting association between the presence of a tumor capsule and signs of tumor invasion with mutational profiling.
Approximately 50% of the FVPTC samples with any invasion harbored some type of mutation. Importantly, all samples that harbored the BRAF V600E mutation were I-EFVPTC or IFVPTC when reviewed by two experienced pathologists who were blinded to the mutation status, which corroborates the more aggressive phenotype associated with the BRAF V600E mutation. Two cases had BRAF V600E co-occurring with NRAS Q61R, a correlation widely described in the literature (17, 23, 26, 30, 45, 46, 47, 48, 49) . No EFVPTC or NIFTP had BRAF mutations.
Importantly, most NIFTPs and, therefore, tumors with no papillary structure, were negative for the most common mutations previously found in PTC. These data suggest that a different driver mutation might be related to tumor initiation in a significant percentage of the NIFTP cases. Moreover, this study confirms that the BRAF V600E mutation could be an important tool for excluding the diagnosis of NIFTP. Thereafter, an immunohistochemistry study with the BRAFVE antibody, as part of a panel, may supplement architectural and morphological information (32) .
As described for FTA and FTC, NRAS codon 61 mutations and PAX8/PPARG are the most common abnormality observed in FVPTC. Although the NRAS mutation is a very prevalent event in follicular thyroid lesions, this mutation does not show a statistical correlation with any specific lesion, as previously observed (21, 27, 30, 42, 45) .
As NIFTP samples have been described to have a similar mutational profile to those of FTA, with frequent RAS gene mutations and PAX8/PPARG fusions, we here investigate the prevalence of RAS and PAX8/PPARG fusion. NRAS Q61K mutation was found in both NIFTP and I-EFVPTC. PAX8/PPARG rearrangement was found in two I-EFVPTCs with lymphatic vascular invasion and an FTC with capsular invasion. As previously described in the literature, this rearrangement is associated with signs of vascular or capsular invasion, although it is not a specific molecular finding of malignant nodules (12, 17, 49, 50) .
In conclusion, the present study shows that careful postoperative histopathological evaluation continues to be fundamental for the diagnosis of lesions with follicular morphology, being reinforced after the advent of the NIFTP entity. The rigorous histopathological criteria should be strictly followed to avoid the neglect of lesions with more aggressive behavior. Another important point was that with our long clinical follow-up time, we confirmed that NIFTP has a more indolent disease course, adding to the already proposed less aggressive treatment performed for benign lesions. To date, this evaluation cannot be replaced by preoperative molecular tests as the mutational profiling of this indolent category is still not completely understood, but the molecular profile has proved to be a robust tool in confirming the diagnosis of more aggressive variants. Prospective additional studies in a larger population of cases with longer follow-up times are needed to define a specific molecular profile to aid in the diagnosis of lesions with borderline morphological characteristics.
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